Abstract. Primordial or Big Bang nucleosynthesis (BBN) is one of the three strong evidences for the Big-Bang model together with the expansion of the Universe and the Cosmic Microwave Background radiation. In this study, we extend the nuclear network until sodium, to evaluate the primordial CNO abundance that could affect Population III stellar evolution. The complete network includes more than 400 reactions, out of which ≈270 reaction rates were calculated using the TALYS code. We performed a sensitivity study to identify the important reactions for CNO nucleosynthesis. We note the stability of results on Big Bang nucleosynthesis CNO production compared to previous works: CNO/H = (0.5 − 3.) × 10 −15 .
INTRODUCTION
The production of CNO isotopes has been studied in the context of standard and inhomogeneous BBN. The most relevant analysis comes from Iocco et al. [1] who included more than 100 nuclear reactions and predicted a CNO/H abundance ratio of approximately 6 × 10 −16 , with an upper limit of 10 −10 .
Even though the direct detection of primordial CNO isotopes seems highly unlikely with the present observational techniques at high redshift, it is important to better estimate their Standard Big-Bang Nucleosynthesis production. Hydrogen burning in the first generation of stars (Pop III stars) proceeds through the slow pp chains until enough carbon is produced (through the triple-alpha reaction) to activate the CNO cycle. The minimum value of the initial CNO abundance that would affect Pop III stellar evolution is estimated to be 10 −11 [2] or even as low as 10 −13 (in number of atoms relative to hydrogen, CNO/H) for the less massive ones [3] . This is only two orders of magnitude above the Standard Big-Bang Nucleosynthesis CNO yield, using the current nuclear reaction rate evaluations of Iocco et al. [1] . In addition, it has been shown that Pop III stars evolution is sensitive to the triple-alpha ( 12 C producing) reaction and can be used to constrain the possible variation of the fundamental constants [4] . This reaction rate is very sensitive to the position of the Hoyle state, which in turn is sensitive to the values of the fundamental constants. The same mechanism could also increase the amount of CNO ( 12 C) produced in BBN. In the same context of the variations of the fundamental constants, 8 Be (which decays to two alpha particles within ∼ 10 −16 s) could become stable if these constants were only slightly different. At BBN time, this would possibly allow to bridge the "A=8 gap" and produce excess CNO. To determine how significant would be this excess, one needs to know the standard BBN production of the CNO elements.
The main difficulty in BBN calculations up to CNO is the extensive network needed, including n-, p-, α-, but also d-, t-and 3 He-induced reactions. Most of the corresponding cross sections cannot be extracted from experimental data only. This is especially true for radioactive tritium-induced reactions, or for those involving radioactive targets like e.g. 10 Be. For some reactions, experimental data, including spectroscopic data of the compound nuclei, are just nonexistent. Hence, for many reactions, one has to rely on theory to estimate the reaction rates. Previous studies lack documentation on the origin of the reaction rates, but have apparently extensively used old and unreliable prescriptions to estimate many of them. A detailed analysis of all reaction rates and associated uncertainties would be desirable but is impractical for a network of ≈400 reactions. So we first performed a sensitivity study to identify the most important reactions, followed by dedicated re-evaluations. For this purpose, we used, as a first guess, the more reliable rate estimates provided by the TALYS reaction code [5] .
SENSITIVITY STUDY
To extend our BBN network, we need the neutron, proton, deuterium, tritium, 3 He and α-particle capture cross sections on targets in the A=1 to 20 range. As a first approximation, we used the results from the TALYS nuclear reaction code [5] for rates that are not available in the literature (the full list of references can be found in Ref. [22] ). By comparing TALYS results with experimentally determined reaction rates [7, 8] , we observed that TALYS globally provides predictions within 3 orders of magnitude in the temperature range of interest here, even for very light elements like Li. Hence variations of these theoretical rates by three orders of magnitude can in a first step be used in our sensitivity analysis for the BBN abundance calculation. Sensitivity studies have already been performed for the reactions involved in 4 He, D, 3 He and 7 Li production but here, we will concentrate on the C, N and O isotopes production. To estimate the impact of the reaction rate uncertainties on Standard Big-Bang Nucleosynthesis, we perform for each reaction six additional calculations, changing its rate by factors of 0.001, 0.01, 0.1, 10, 100 and 1000, and calculate the relative change in CNO abundances. (Mass fractions of isotopes with A≥12 are added together into CNO.) Table 1 , displays, reactions for which the relative changes in CNO abundances are larger than 20%. The last column contains the reference for the origin of the reaction rate used for the sensitivity study (the TALYS rates are available electronically [9] ).
The examination of Table 1 shows that only a few reactions have a strong impact on the CNO final abundance. The CNO production is significantly sensitive (more than by a factor of about 2) to several reaction rates. In particular, these include: 7 Li(d,n)2 4 He, 7 Li(t,n) 9 Be, 8 Li(α,n) 11 B, 11 B(n,γ) 12 impact of 7 Li(d,n)2 4 He is unexpected and should be compared to the influence of 1 H(n,γ) 2 H on 7 Li (see [15] ). Indeed, when increasing the 7 Li(d,n)2 4 He reaction rate by a factor of 1000, even though the 4 He, D, 3 He and 7 Li final abundances are left unchanged, the peak 7 Li abundance at t ≈200 s is reduced by a factor of about 100 (see Fig. 15 in [22] ), an evolution followed by 8 Li and CNO isotopes.
RESULTS
The main nuclear path to CNO (see also [1] ) proceeds from the 7 Li(α, γ) 11 11 B is produced by a different path: the late decay of 11 C.) For most of the few reactions that were identified to have an impact on Standard BigBang Nucleosynthesis, we were able to collect sufficient experimental data to derive new reaction rates with associated uncertainties much reduced with respect to our initial three orders of magnitude variation. In some cases these new rates differ from the previous ones by large factors but changes compensate each other (e.g. 11 B(d,n) 12 C and 11 B(d,p) 12 B). In the meantime, the important 8 Li(α,n) 11 B reaction rate, was independently re-evaluated by La Cognata & Del Zoppo [16] , but it affects CNO production by less than 2% 1 , when compared to our own re-evaluation. We hence confirm that the CNO Standard Big-Bang Nucleosynthesis production is CNO/H ≈ 0.7 × 10 −15 (number of atoms relative to H). Our present analysis does not allow us to precisely quantify the uncertainty on this result, but from the inspection of Table 1 , and assuming a factor of ten uncertainty on the re-evaluated reaction rates, we can estimate the range of CNO/H values to (0.5 − 3.) × 10 −15 . These results are consistent with those of Iocco et al. [1] but slightly lower than those of Vonlanthen et al. [17] . Detailed CNO, B and Be isotopic abundances, compared with those from Iocco et al. [1] can be found in Table 2 , together with H, He and Li isotopic abundances compared with previous works. As expected, the extension of the network does not alleviate the 7 Li discrepancy between calculations and observations. The CNO Standard Big-Bang Nucleosynthesis production is found to be little sensitive to the baryonic density of the Universe as shown on Figure 1 where the 6 Li, 9 Be, 10 B and 11 B abundances, results of our calculations, are also depicted. Even when considering our estimated uncertainty, the primordial CNO abundance is too low to have an impact on Pop III stellar evolution. Those first stars having high masses and consequently short lifetimes are not observed today. The high C and O abundances observed in extremely low metallicity Pop II stars are expected to have been synthesized by massive Pop III stars making the determination of primordial CNO abundances from observations presently out of reach.
CONCLUSION
We have used an extensive network of more than 400 nuclear reactions whose thermonuclear reaction rates are adopted from evaluations based on experimental data or were calculated using the TALYS code. It enabled us to calculate the Standard Big-Bang Nucleosynthesis production of CNO isotopes more reliably. We performed a sensitivity study by varying uncertain reaction rates by factors of up to 1000 and down to 0.001. In that way, a few reactions that could affect the A>7 isotope yields were identified and their rate (re-)evaluated using available experimental data and/or theoretical or phenomenological input. On the basis of these new evaluations the CNO isotope production was found to be in the range CNO/H = (0.5 − 3.) × 10 −15 , close to the initial results and in global agreement with previous calculations [1] but excluding their upper limit of 10 −10 .
Nevertheless, for this analysis to be complete, we need to study possible correlations between reactions as we have varied all reaction rates but a single one at each time. We will next use a Monte-Carlo technique, to allow simultaneous variation of all the reaction rates, to better estimate the uncertainties and look for correlations.
The BBN CNO production is not sufficient to have an impact on Population III stellar evolution. It is nevertheless a reference value for comparison with non-Standard BigBang Nucleosynthesis CNO production e.g. in the context of varying constants. Indeed, in our study of the influence of varying constants on the triple-alpha reaction in the context of the first (Pop III) stars [4] we have shown that this rate could be higher by many orders of magnitude in the past. This is due to the sensitivity of the rate to the "Hoyle state" position and in turn to fundamental constant. However, even with an inflated triple-alpha reaction rate or a stable 8 Be, the C(NO) production remains ≈6 order of magnitude [22] lower than the Standard Big-Bang Nucleosynthesis value reported here.
Last but not least, we stress here the importance of sensitivity studies in nuclear astrophysics: even in the simpler context of BBN without the complexity (e.g. mixing) of stellar nucleosynthesis, it would have been very unlikely to predict the influence of the 1 H(n,γ) 2 H reacton on 7 Li nor of the 7 Li(d,n)2 4 He reaction on CNO.
